The inner ear contains six distinct sensory organs that each maintains some ability to regenerate hair cells into adulthood. In the postnatal cochlea, there appears to be a relationship between the developmental maturity of a region and its ability to regenerate as postnatal regeneration largely occurs in the apical turn, which is the last region to differentiate and mature during development. In the mature cristae there are also regional differences in regenerative ability, which led us to hypothesize that there may be a general relationship between the relative maturity of a region and the regenerative competence of that region in all of the inner ear sensory organs. By analyzing adult mouse cristae labeled embryonically with BrdU, we found that hair cell birth starts in the central region and progresses to the periphery with age. Since the peripheral region of the adult cristae also maintains active Notch signaling and some regenerative competence, these results are consistent with the hypothesis that the last regions to develop retain some of their regenerative ability into adulthood. Further, by analyzing embryonic day 14.5 inner ears we provide evidence for a wave of hair cell birth along the longitudinal axis of the cristae from the central regions to the outer edges. Together with the data from the adult inner ears labeled with BrdU as embryos, these results suggest that hair cell differentiation closely follows cell cycle exit in the cristae, unlike in the cochlea where they are uncoupled.
Introduction
The sensory modalities of hearing and balance depend on the six sensory organs of the inner ear that are each comprised of the same two main cell types, support cells and mechanosensory hair cells. The auditory system contains the organ of Corti within the cochlear duct and the vestibular system contains the gravity sensing utricular and saccular maculae and the three rotation-sensing cristae ampullaris. There is currently no therapeutic treatment to replace lost sensory hair cells which, depending on the inner ear organ affected, leads to permanent hearing loss and/or balance disorders such as vertigo. In some cases, such as Usher Syndrome Type1, both auditory and vestibular hair cells are affected and these individuals have profound deafness and balance disorders at birth (Cosgrove and Zallocchi, 2014) .
Studies of the development of the sensory organs, particularly the specification of the sensory regions and the cues governing the differentiation of the various cell types, have suggested several potential strategies to stimulate hair cell regeneration in the inner ear sensory organs (reviewed in Atkinson et al. (2015) ). For example, hair cells can be produced through the transdifferentiation of support cells following inhibition of Notch signaling (Hori et al., 2007; Jung et al., 2013; Lin et al., 2011b; Mizutari et al., 2013; Slowik and Bermingham-McDonogh, 2013) , which developmentally determines the precise ratio of support cells and hair cells through lateral inhibition (Kiernan et al., 2005; Lanford et al., 1999; Takebayashi et al., 2007; Yamamoto et al., 2006; Zhang et al., 2000; Zine et al., 2001 ). However, just as in other neural systems, the level of regeneration is low and the determinants for the regenerative competence of individual support cells are poorly understood.
Here, we define the spatial patterns of hair cell development in order to better understand the increasing limitations on regenerative ability as the inner ear matures. Developmentally, almost every support cell in the inner ear can be induced to transdifferentiate (Burns et al., 2012a; Collado et al., 2011; Hayashi et al., 2008; Lanford et al., 1999; White et al., 2006; Yamamoto et al., 2006; Zhao et al., 2011; Zine et al., 2001) ; however, later, only an increasingly restricted subset of cells retains the ability to transdifferentiate. For example, as the cochlea matures, hair cell regeneration is increasingly restricted until it primarily occurs in the apical turn (Bramhall et al., 2014; Cox et al., 2014; Doetzlhofer et al., 2009; Kelly et al., 2012; Li et al., 2015; Liu et al., 2012 Liu et al., , 2014 Maass et al., 2015; Shi et al., 2013; Walters et al., 2014; Yamamoto et al., 2006; . The fact that the apical turn is the last region in the cochlea to differentiate and mature (Chen et al., 2002; Lanford et al., 2000; Lim and Anniko, 1985; Sher, 1971; Woods et al., 2004) suggests that there is a correlation between relative maturity and regenerative ability in the cochlea. In the adult cristae, there are also regional differences in hair cell regeneration and in the expression of Notch signaling components (Lopez et al., 1997; Slowik and Bermingham-McDonogh, 2013) . In particular, peripheral support cells maintain active Notch signaling and can transdifferentiate in response to Notch inhibition in the adult. Since the peripheral region maintains some regenerative ability into adulthood, we hypothesized that, similar to the cochlea, the relative maturity and regenerative ability of a region would be linked in the cristae and that the peripheral region would differentiate last during development.
Using embryonic injections of BrdU, we show in all three cristae that hair cell birth largely begins in the central region and shifts with age towards the periphery, consistent with previous data from the rat horizontal (lateral) crista (Sans and Chat, 1982) . In addition, by analyzing hair cell markers in E14.5 inner ears we provide evidence for a gradient of hair cell differentiation along the longitudinal axis of the cristae. Together, these data support our hypothesis that regenerative competence is correlated with relative maturity and suggest that hair cell differentiation is coupled to cell cycle exit in the developing cristae.
Methods

Animals and BrdU injections
Animal housing and care was provided by the Department of Comparative Medicine at the University of Washington. All procedures were done in compliance with the standards and protocols set forth by the University of Washington Institutional Animal Care and Use Committee.
In order to birthdate cells, a single intraperitoneal injection of 5-bromo-2′-deoxyuridine (BrdU, Sigma-Aldrich, 1.25 mg/25 g mouse) in sterile phosphate buffered saline (PBS, Calbiochem) was administered to time-mated pregnant Swiss Webster females (Harlan Laboratories, stock no. 032) at either 9.5, 12.5, 15.5, or 17.5 days after their plug-date. The age of the embryos at the time of injection was determined by plug date and confirmed by birthdate, assuming a gestation period of 19 days. Analyses were performed using both genders.
Immunofluorescence and imaging
Mice that received embryonic BrdU injections were euthanized either at postnatal day 30 (P30) or embryonic day 14.5 (E14.5). The inner ear capsule was removed from the head, rinsed in PBS, fixed overnight (O/N) in cold 4% paraformaldehyde (PFA, Electron Microscopy Sciences), and then rinsed in PBS. For the animals sacrificed at P30, cristae were dissected from the capsule and stained as free floating whole mounts in mesh tissue baskets.
For the BrdU antibody staining, P30 cristae were permeabilized in 0.5% Triton-X in PBS (PBSTx) for 30 min at room temperature (RT) and then antigen retrieval was performed using 2 M hydrochloric acid (HCl, Fisher Scientific) for 30 min at 37°C followed by two washes in 0.1 M sodium borate (pH 8.5, EMD Millipore) for 10 min to neutralize the acid. The cristae were then rinsed in PBS and blocked in a solution containing 10% normal donkey serum (EMD Millipore), 4% bovine serum albumin (Sigma-Aldrich), and 100 mM glycine (Fisher Scientific) in 0.5% PBSTx for 3 h at RT. Both the primary and secondary antibody solutions were made in the blocking solution and applied O/N at 4°C. Cristae were washed between solutions using 0.5% PBSTx. Hoechst 33342 (1:10,000, Life Technologies) was added to the secondary antibody solution to label all nuclei.
After immunolabeling, samples were dehydrated in 70% ethanol overnight, followed by 95% ethanol for 30 min, and then two incubations with pure ethanol for two hours each. After dehydration, samples were incubated in a 1:1 mixture of methyl salicylate (Fisher Scientific) and benzyl benzoate (Sigma-Aldrich) (MSBB) (MacDonald and Rubel, 2008) and pure ethanol for four hours. Samples were then cleared using three changes of MSBB for 2 h, 4 h, and overnight. For imaging, samples were mounted in the MSBB solution on 1 mm thick rubber imaging spacers (Coverwell PCI-A-2.0, Grace Bio-Labs).
The following primary antibodies were used: BrdU (rat, 1:200, Accurate), Gfi1 (guinea pig, 1:1000, gift from Dr. Hugo J. Bellen, Baylor College of Medicine, Houston, TX), Sox2 (goat, 1:400, Santa Cruz), and Myosin7a (rabbit, 1:500, Proteus Biosciences). The following secondary antibodies were used: donkey anti-rat Alexa Fluor 488 (Life Technologies), donkey anti-goat Alexa Fluor 568 (Life Technologies), donkey anti-guinea pig DyLight 649 (Jackson ImmunoResearch), and donkey anti-rabbit Alexa Fluor 649 (Life Technologies). To preserve fluorescence, samples were mounted in Fluoromount-G (SouthernBiotech).
We used a modified procedure for the analysis of embryonic inner ear. The inner ears were fixed, decalcified in 10% ethylenediamine tetraacetic acid-disodium salt (EDTA, Fluka Analytical) in PBS, pH 7.4, at 4°C. Samples were changed into a new solution of 10% EDTA each day. After four days, the samples were rinsed in PBS, immunolabeled and then cleared after immunolabeling in MSSB.
Samples were imaged using a Nikon A1R laser scanning confocal mounted on a Nikon TiE inverted microscope. Image stacks were taken in NIS Elements at a step size of 0.875 μm using a 20x dry CFI Plan Apochromat VC objective with a numerical aperture (NA) of 0.75.
Normalization of cristae position
For each confocal stack, the standard cell counter plugin in ImageJ was used to mark the position of the BrdU-labeled hair cells (double positive for BrdU and Myosin7a) in addition to the position of the majority of Myosin7a-positive hair cells. This information was then exported into two separate lists of xyz-coordinates, one containing the BrdU-positive hair cells and the other containing the Myosin7a-positive hair cells for that same crista. Once these coordinate lists were obtained, they were run through a custom python script [Python(x,y) ] that normalized the position of the crista in all three dimensions by rotating all of the coordinates in both lists.
In order to determine the degree of rotation along the z-axis, the script found the median y-value of the cells in a 40 pixel range around the x-coordinates at the 25th and 75th percentiles (approximately 0.56 μm/pixel). The slope of the line between the two median values was calculated and the angle, theta, between this line and a line with a slope of 0 was determined. If theta was greater than þ/ À 0.07°, then the coordinates in both lists were rotated by theta.
Almost identical functions were performed for rotations along the y-axis and the x-axis except the script found the median along the z-axis. For y-axis rotations, the cutoff value for theta was þ/ À 0.018°. For x-axis rotations, the range of cells used to determine the two median values was expanded. Here, the hair cells were divided into two halves along the y-axis and the median zvalue for each half was calculated. In addition, the cutoff value for theta for rotations along the x-axis was þ/ À 0.034°. All rotations were visually verified by plotting both the raw coordinates and the rotated coordinates in 2-dimensions by flattening the dimension of rotation.
Spatial and statistical analyses
To analyze the spatial distribution of the BrdU-positive hair cells, a python script was again used in order to divide the hair cells into bins based on their position. For an analysis along the xaxis, hair cells were divided into ten evenly distributed bins based on their position along the x-axis. The total number of BrdUpositive hair cells in each bin was then counted and exported. For an analysis along the z-axis, which is equivalent to digitally unfolding the cristae and analyzing the y-axis, hair cells were divided into four evenly distributed bins based on their position along the z-axis. The total number of BrdU-positive hair cells in each bin was then counted and exported.
Prism v5.0c (GraphPad, La Jolla, CA) was used to create graphs and perform statistical analyses. All analyses were two-way ANOVAs with Bonferroni post-tests. The error bars on all graphs are standard error of the mean (SEM) and significance is denoted as follows: * for p r0.05, ** for p r0.01, *** for p r0.001, and **** for pr 0.0001. The symbol, n, denotes the number of cristae analyzed. Data from each developmental stage were obtained from at least one whole litter of pups that received BrdU at that stage. Cristae dissected from the ears of the litter were processed as a group and selected for analysis based on the orientation of the cristae after mounting on a glass slide. To minimize the effects of normalization and processing, only cristae with relatively flat orientations were selected. Fig. 1 . Birthdating hair cells using embryonic injections of BrdU. A) A diagram of the experimental paradigm showing when the embryos received BrdU and when the inner ear sensory tissue was harvested. Swiss Webster females were given a single injection of BrdU between the 9th and 18th days of their gestation, and harvested at P30. B) The age of the embryos at time of injection shown against a replotting of data from a birthdating study of the inner ear by Ruben (1967) showing when hair cells in each of the three cristae exit the cell cycle. C) A plot of the Myo7a-positive hair cells and the BrdU-positive hair cells in a posterior crista (from panel G, includes the 'bridge' of hair cells spanning the normally non-sensory region) showing the regions referred to as central (gray band) and peripheral. D) For the longitudinal axis, medial refers to the regions near the crux eminentia while lateral refers to the regions near the planum semilunatum. E-H) Cristae for each age were immunolabeled for BrdU (yellow), hair cells (Myosin7a, cyan) and nuclei (Hoechst 33342, magenta). Examples of posterior cristae from each age are shown in three different views. The single z-slice shows the amount of BrdU labeling within the sensory epithelium; white arrowhead points to an incomplete crux eminentia and white arrow shows a complete crux eminentia. The bottom panels show the coordinate pairs for the Myosin7a-positive hair cells (cyan) and the BrdUþ hair cells (yellow) exported from the standard cell counter plugin in ImageJ.
Prism was also used to create the visual representations of the data. In order to visually compare cristae, they were aligned using a python script that created a scaled dataset for each crista with an arbitrary height of 500 pixels and an arbitrary width of 1000 pixels. These scaled datasets were then plotted as xy points in Prism and colored based on z-depth or to distinguish individual samples. This rescaling of the data only affects the visual depictions of the data and does not affect the analyses as the bins were evenly distributed along the analyzed axis, making the size of the bins relative to the size of the crista.
Results
BrdU injections to birthdate hair cells
In order to determine the spatial pattern of hair cell development in the mouse cristae, cells were birthdated with a single embryonic injection of 5-bromo-2′-deoxyuridine (BrdU) and analyzed once the animals reached one month of age (Fig. 1A) . The embryonic ages for injection were chosen to highlight specific stages of crista development based on data from a birthdating study of the inner ear in which a similar experimental paradigm was performed using tritiated-thymidine (Ruben, 1967) . According to this study, embryonic day 9.5 (E9.5) is well before the onset of cell cycle exit for hair cells in the cristae, making it a good baseline control. The onset of hair cell birth is covered by the injection at E12.5 while the injection at E15.5 occurs after the peak of hair cell birth. The peak of hair cell birth was deliberately avoided because many of the regions of the cristae would likely have hair cells born during that time. The last injection at E17.5 occurs after most of the hair cells are born and identifies the regions of the cristae that are the last to exit the cell cycle (Fig. 1B) .
Examples of the BrdU labeling in the posterior cristae are shown in Fig. 1E -H. In the cristae that received the BrdU injection at E9.5, there were no BrdU-positive hair cells in the sensory epithelium and very few BrdU-positive cells in the surrounding tissue (Fig. 1E ). The BrdU injection at E12.5 resulted in substantial numbers of BrdU-positive hair cells in the central regions of the cristae (Fig. 1F ). When the BrdU injection was given three days later, at E15.5, the labeled hair cells were predominantly located in the peripheral regions of the cristae (Fig. 1G) . Lastly, injections at E17.5 resulted in few BrdU-positive cells in the sensory epithelium (as seen in the single z-slice), although there were many labeled cells in the surrounding tissue (as seen in the maximum intensity projection) (Fig. 1H ). While examining the posterior cristae, we noticed that a minority of the posterior cristae had an incomplete crux eminentia with hair cells spanning the entire length of the cristae on one side (Fig. 1E arrowhead vs Fig. 1H arrow) . Normally, the crux eminentia of the posterior and anterior cristae is a completely hair cell free region that divides the cristae into two separate hemicristae. This incomplete crux eminentia occurred at a frequency of approximately 1:3-4 and may be unique to Swiss Webster mice, as we have not observed this phenomenon in C57BL/6 or CBA/CaJ mice (data not shown). Further, the incomplete crux appears early in development, as immunolabeling of E14.5 inner ears with the nuclear hair cell marker, Gfi1, also shows an incomplete crux eminentia in a similar subset of Table 1 A summary of the numerical data for the comparison of the total number of birthdated cells here using BrdU versus the study by Ruben (1967) posterior cristae (data not shown). The summaries of the qualitative trends for both the number and the spatial pattern of BrdU-labeled cells for each age of BrdU injection are shown in Fig. 2 . The pattern of BrdU-positive hair cells labeled at each age agreed with previous data using tritiatedthymidine (Ruben, 1967) (Table 1) (Fig. 2A , colored dots plotted against Ruben's data shown by the gray shaded area). The spatial patterns of hair cell birth can be seen in the normalized group data from a select number of crista for each age and crista type (posterior, anterior, and horizontal) shown in Fig. 2B-D . The gray dots represent all of the Myosin7a-positive cells for all cristae of that type (posterior, anterior, or horizontal) irrespective of age, while the colored dots represent data from an individual crista of that age and type. For example, in Fig. 2B , the gray background is identical for each of the three ages because it encompasses the hair cell data for all posterior cristae. The colored data for each crista is then overlaid on top to allow for a comparison of the spatial patterns in posterior cristae between ages. Qualitatively, it appears that hair cells are born in the more central regions in all three cristae types at E12.5 and cell generation shifts to the more peripheral regions at both E15.5 and E17.5 (Fig. 2B-D) .
Hair cell birth on the central to peripheral axis
To quantitatively analyze the shift in regional hair cell development from the central to peripheral regions of the cristae, we performed an analysis along the z-axis. Due to the highly curved shape of the cristae, we found that this axis provided a better spatial representation of the central and peripheral regions than an analysis of the y-axis for all three cristae types ( Fig. 3A and B) . Because this analysis is used to digitally "unfold" or flatten the cristae, we refer to the top of the cristae as being central and the bottom as being peripheral. For this analysis, we divided the cristae into four evenly distributed bins along the z-axis using the Myosin7a-positive hair cells and counted the number of BrdUpositive hair cells in each bin.
In each type of crista, the quantitative analysis supports the qualitative assessment that there is a central to peripheral progression of hair cell birth during development. In the posterior cristae, the hair cells born at E12.5 were found largely in the most central bins (Fig. 3C) . At E15.5, hair cell birth shifted more peripherally into the more intermediate bins, indicated by the decrease in BrdU-positive hair cells in the central bins and the concomitant increase in BrdU-positive hair cells in the peripheral bins (Tables 2 and 3) (Fig. 3F and I) . At E17.5, the overall number of BrdU-positive hair cells was decreased, with significant reductions in the number of hair cells in the intermediate bins and a significant increase in the percentage of BrdU-positive hair cells in the most peripheral bin (Tables 2 and 3) (Fig. 3F and I) .
The anterior cristae showed a very similar trend. At E12.5, the majority of the BrdU-positive hair cells were in the central bins (Fig. 3D) . At E15.5, there was a decrease in the BrdU-positive hair cells in the most central bin and an increase in the BrdU-positive hair cells in the peripheral bin (Tables 2 and 3) ( Fig. 3G and J) . At E17.5, there was a shift from the intermediate to the peripheral regions with a significant decrease in cells in the central bin and a significant increase in cells in the most peripheral bin (Tables 2 and 3) ( Fig. 3G and J) .
Lastly, the horizontal cristae showed a similar trend to both the anterior and posterior cristae, but in general, had fewer BrdU-labeled hair cells at each age. This is due to the fact that the horizontal cristae have fewer hair cells in the adult than the other two cristae types, and the percentages of BrdUþ hair cells are similar across the types of cristae, with 21.1% in the posterior, 29.1% in the anterior, and 25.2% in the horizontal cristae. Nonetheless, at E12.5, the majority of BrdUpositive hair cells were still found within the more central bins Table 2 A summary of the numerical data for the analysis of the spatial pattern of hair cell birth along the medial to lateral axis (z-axis). BrdU-positive hair cells were grouped into four bins according to their position along the z-axis. These bins are identified in order of most central to most peripheral by color as blue, green, orange, and red.
Numerical summary of the number and percentage of BrdU þ hair cells along the z-axis POSTERIORS E12.5 (n¼9) E15.5 (n¼ 6) E17.5 (n¼ 4) ( Fig. 3E) . At E15.5, there was a significant increase in the number of BrdU-positive hair cells in the peripheral bin. At E17.5, the overall level of hair cell birth was significantly reduced, specifically in the intermediate bins (Tables 2 and 3 ) ( Fig. 3H and K).
Hair cell birth on the longitudinal axis
To analyze the distribution of hair cell birth on the longitudinal axis, cristae were divided into ten evenly spaced bins using the list of Myosin7a-positive hair cells and the number of BrdU-positive hair cells in each bin was counted (Fig. 4A , summarized in Table 4 ).
For the posterior cristae, at E12.5, hair cell birth was evenly distributed along the longitudinal axis (Fig. 4B, green) . At E15.5, there was a significant decrease in the number of hair cells born in the medial bin spanning the crux eminentia (Fig. 4B, yellow) . At E17.5, there was a significant reduction in the number of hair cells born in the remaining regions of the cristae, such that the levels along the longitudinal axis were again evenly distributed (Fig. 4B, purple) . Overall, the spatial patterns of hair cell birth along the longitudinal axis are not very strong during these ages of development; however, in the posterior cristae the decrease in hair cell birth begins in the regions near the central crux eminentia at E15.5 and progresses to the regions near the peripheral planum semilunatum at E17.5. This "off wave" of hair cell birth along the longitudinal axis is indicative of an earlier wave of hair cell birth along this axis.
A similar pattern of hair cell birth along the longitudinal axis was present in the anterior cristae. At E12.5, hair cell birth was fairly evenly distributed along the longitudinal axis, with a slight reduction in the two medial bins that is likely due to the position of the crux eminentia, which is always present and complete in anterior cristae (Fig. 4C, green) . Similar to posterior cristae, the number of hair cells born in the anterior cristae decreased at E15.5 and E17.5. In addition, the anterior cristae appeared to have a similar "off wave" pattern to the posterior cristae, where the medial bins decreased at E15.5 and the lateral bins decreased at E17.5 (Fig. 4C, yellow and purple) .
The horizontal cristae, which do not have a crux eminentia, showed a somewhat unique pattern of hair cell birth, in that there is a greater difference between E12.5 and E15.5 in the horizontal cristae than the other cristae. In addition, the distribution at each age showed a greater degree of asymmetry. At E12.5, hair cell birth was unevenly distributed towards one side of the cristae (dorsal), shown as the right side (Fig. 4D, green) . At E15.5, the bins representing the left side of the cristae increased such that hair cell birth was fairly evenly distributed at this age, and this is reflected in the results from the ANOVA that compares the two ages.
Differentiation of hair cells in embryonic inner ears
In the cochlea, the terminal mitoses of hair cells are uncoupled from their differentiation. In the apical turn, hair cells exit the cell cycle around E12.5, but do not begin to differentiate until E16.5, four days later. To determine if the pattern of differentiation followed the pattern of cell cycle exit in the cristae, E14.5 inner ears were examined for the expression of the early hair cell markers, Gfi1 and Myo6 (Fig. 5) .
For both the posterior and the anterior cristae, hair cell differentiation appeared to begin in the region nearest to the crux eminentia. The expression of both Myo6 (Fig. 5C and E) and Gfi1 ( Fig. 5C″ and E″) occurred in two distinct patches for each anterior and posterior crista. The non-expressing region between the two patches appeared to be just the width of a few cell bodies, which is approximately the size of the mature crux eminentia (Fig. 1C-F) .
In the horizontal crista, which does not have a crux eminentia and is instead one continuous sensory region, hair cell differentiation appeared to begin towards one side of the sensory region, marked by Sox2 (Fig. 5D-D″) . This side is furthest from the developing cochlea towards the endolymphatic duct and the lateral portion of the head, and is known as the superior half of the crista. This asymmetric pattern of differentiation is consistent with the pattern of hair cell birth along the longitudinal axis for the horizontal cristae (Figs. 2C and 4D) .
Overall, the relative expression patterns and levels of Myo6 and Gfi1 agreed with the known order of cell cycle exit and differentiation for the inner ear organs, which from earliest to latest are the saccule, utricle, anterior crista, posterior crista, horizontal crista, and cochlea (Ruben, 1967; Sans and Chat, 1982; Sher, 1971) . The saccule had the most Gfi1-positive cells, followed by the utricle, the anterior crista, and the posterior and horizontal cristae (Fig. 5C″ ,D″,E″,F″, and F‴). In addition, the Myo6 staining was most distinct in the saccule where the distinctive lamination of hair cells was apparent (Fig. 5F,F′, green) . In the utricle, Myo6 appeared to be localized to distinct cells, but these cells did not exhibit the typical hair cell lamination (Fig. 5F,F′, green) . In the cristae, the Myo6 expression was diffuse but located within a portion of the Sox2-positive sensory region (Fig. 5C-E′) . The cochlear duct, as expected, was not immunolabeled by either Gfi1 or Myo6 at this age.
Support cell birth follows a similar pattern
In the above analyses, we demonstrated that hair cell birth and differentiation proceed from the central to peripheral regions of the developing cristae; however, since we hypothesized that the timing of differentiation underlies regenerative competence and hair cell regeneration is driven by the transdifferentiation of support cells, we also analyzed the spatial pattern of development of support cells for E12.5 posterior cristae using immunolabeling for Sox2.
In order to birthdate support cells we used the same methods described above to birthdate hair cells with the exception that BrdU-positive support cells were identified as being positive for BrdU and Sox2 and negative for Myosin7a. Bins were created for both the x-axis and the z-axis as described previously using the list of Myosin7a-positive hair cells, and the number of BrdU-positive support cells was counted for each bin. The data for the support cells (Fig. 6B,D,F, and H) is shown alongside the corresponding data for the hair cells in the E12.5 posterior cristae (Fig. 6A,C ,E, and G) shown in previous figures.
In E12.5 posterior cristae, the spatial pattern of support cell development was very similar to that seen for hair cells (Fig. 6A and B). At this age, both cell types were born in the central region of the cristae and have a fairly even distribution along the longitudinal (medial-lateral) axis (Fig. 6C and D) . The exception to this was a slight enrichment in the most medial bin for the support cells, which reflects the large number of Sox2-positive non-sensory cells born in the crux eminentia at this age ( Fig. 6B and D ). An analysis of the z-axis confirmed that the majority of support cells were born in central and intermediate regions of the cristae ( Fig. 6F and H) . This is different from the hair cells, where a higher percentage of the cells born at this age were located in the central (blue) bin (Fig. 6E and G) . However, this difference may be partly due to the fact that support cell nuclei are located beneath the hair cell layer, and thus fall into the lower (ie. more peripheral) bin. Overall, these data indicate that hair cells and support cells in the same region exit the cell cycle at similar times.
Discussion
Spatial patterns of development in the cristae
By labeling dividing cells in mouse embryos with BrdU, we determined the spatial pattern of hair cell development throughout the period of hair cell birth in the cristae. Our data confirms the previous results from the rat horizontal cristae (Sans and Chat, 1982) demonstrating that hair cell birth largely changes along the central to peripheral axis, occurring early in the central regions and later in the more peripheral edges in all three cristae types. In addition, we found that hair cell differentiation is coupled to cell cycle exit in the cristae and identified previously unknown patterns of hair cell development in the cristae along the longitudinal axis.
In the cochlea, where the developmental process has been more extensively characterized, cell cycle exit is uncoupled from cellular differentiation. Cells of the cochlear duct are born between E12 and E16 (Ruben, 1967) in a mitotic zone found at the junction of the cochlea and the saccule . As the cochlea elongates, the earliest born cells form the apical turns, whereas later born cells become the more basal turns Ruben, 1967) . In contrast, the onset of hair cell differentiation begins in the midbasal turn and extends both basally and apically between E14.5 and E16.5. Therefore, even though the cells in the apical turn are born first, they are actually the last to differentiate (Chen et al., 2002; Lanford et al., 2000; Lim and Anniko, 1985; Sher, 1971; Woods et al., 2004) . This extended period between terminal mitosis and differentiation is fairly unique to the cochlea, as in both the utricle (Zheng and Gao, 1997) and the central nervous system (reviewed in Gotz and Huttner (2005) and Nguyen et al. (2006)) most cells begin to differentiate almost immediately after cell cycle exit. Our data from Table 4 A summary of the results and the statistical data for the analysis of the spatial pattern of hair cell birth along the longitudinal axis. BrdU-positive hair cells were grouped into ten bins according to their position along the x-axis. These bins are identified in numerical order from left to right. Means for each bin and age (E12.5, E15.5, and E17.5) are reported along with the standard error of the mean. Reported p-values come from two-way ANOVAs with Bonferroni post-tests comparing the number of BrdU-positive hair cells from E12.5 to E15.5 and E15.5 to E17.5. The symbol, ns, denotes that the comparison was not significant. the E14.5 embryonic ears and the embryonic BrdU injections suggest that the cristae adhere to the more common mechanism where cellular differentiation occurs shortly after cell cycle exit. In the posterior and anterior cristae, hair cell birth begins near the crux eminentia in two distinct patches, extends along the entire length of the crista in the central regions, and then finally shifts to the more peripheral edges of the crista between E15.5 and E17.5. Differentiation, as indicated by the expression of Gfi1 and Myo6 at E14.5, begins in the regions nearest to the medial crux eminentia, even though at E12.5 hair cells exited the cell cycle throughout the entire central region of the cristae. This suggests that the cells nearest to the crux eminentia are born earlier than those closer to the lateral planum semilunatum. This is further supported by the "off-wave" of hair cell birth found along the longitudinal axis using embryonic BrdU injections. Although hair cell birth was evenly distributed along the longitudinal axis at E12.5, it decreased first in the regions near the crux eminentia at E15.5 and later in regions near the planum semilunatum at E17.5. The horizontal cristae, which do not have a crux eminentia, appeared to develop less symmetrically along the longitudinal axis, with hair cell birth beginning in the more dorsal half of the cristae. This asymmetric development was seen to a lesser extent in the embryonic posterior and anterior cristae, where sometimes one hemicrista had slightly more Gfi1-expressing hair cells or more Myo6-labeling than the other. This finding is interesting as the superior half of the horizontal cristae is specifically innervated by vestibulocerebellar afferents (Maklad et al., 2010) and the horizontal crista lies along the dorsoventral axis, making it particularly susceptible to the dorsoventral gradients present in the developing inner ear (reviewed in Groves and Fekete (2012) and Wu and Kelley (2012) ).
Regional differences in hair cell regeneration
Many studies have shown that the mature mammalian inner ear has a limited capacity for hair cell regeneration through the transdifferentiation of support cells, both spontaneously (Berggren et al., 2003; Forge et al., 1993; Forge et al., 1998; Golub et al., 2012; Kawamoto et al., 2009; Kirkegaard and Jorgensen, 2000; Li and Forge, 1997; Lin et al., 2011b; Lopez et al., 2003 Lopez et al., , 1998 Lopez et al., , 1997 Meza et al., 1996; Oesterle et al., 2003; Ogata et al., 1999; Rubel et al., 1995; Tanyeri et al., 1995; Taura et al., 2006; Walsh et al., 2000; Warchol et al., 1993; Yamane et al., 1995; Zheng and Gao, 1997) and through methods such as inhibition of Notch signaling (Hori et al., 2007; Jung et al., 2013; Lin et al., 2011b; Mizutari et al., 2013; Slowik and Bermingham-McDonogh, 2013) . However, it remains unclear what is limiting regeneration in the adult and why the majority of support cells do not transdifferentiate, as occurs earlier in all of the developing organs in response to damage and modulations such as Notch inhibition (Burns et al., 2012a; Collado et al., 2011; Hayashi et al., 2008; Lanford et al., 1999; Munnamalai et al., 2012; Slowik and Bermingham-McDonogh, 2013; White et al., 2006; Yamamoto et al., 2006; Zhao et al., 2011; Zine et al., 2001) .
Our data demonstrating that hair cell development in the cristae begins in the central regions and shifts to the peripheral edges with age is consistent with the hypothesis that the last regions of the sensory organ to differentiate retain regenerative potential the longest (Fig. 7) . In the cristae, support cells in the peripheral region transdifferentiate in response to inhibition of Notch signaling as shown using lineage tracing with the PLP/CreER mice (Slowik and Bermingham-McDonogh, 2013) . The peripheral region is also the only region that maintains expression of the Notch effector, Hes5, in the adult (Hartman et al., 2009) .
This relationship between relative maturity and regenerative potential is consistent with the other inner ear organs. In the utricle, hair cell development begins in the striolar region with later addition occurring along the lateral edges (Burns et al., 2012b; Sans and Chat, 1982; Zheng and Gao, 1997) . Hair cell regeneration in the utricle has been found spontaneously after damage in the lateral extrastriolar region (Golub et al., 2012) and in the posteromedial extrastriolar region using Hes5 siRNA (Jung et al., 2013) . In the cochlea, the apical turn is the last region to differentiate and mature (Chen et al., 2002; Lanford et al., 2000; Lim and Anniko, 1985; Sher, 1971; Woods et al., 2004) and is also where the majority of the postnatal regeneration has been found (Bramhall et al., 2014; Cox et al., 2014; Doetzlhofer et al., 2009; Kelly et al., 2012; Li et al., 2015; Liu et al., 2012 Liu et al., , 2014 Maass et al., 2015; Shi et al., 2013; Walters et al., 2014; Yamamoto et al., 2006; . In other studies of vestibular organs mainly the utricle there does not appear to be a link between exit from the cell cycle and regenerative ability as the striolar region exits the cell cycle early and yet appears to be the region of the greatest regenerative capacity (Golub et al., 2012; Lin et al., 2011a; Wang et al., 2015) .
Unlike the cochlea, where the potential for regeneration is lost with age, in the vestibular sensory organs, later born regions appear to maintain a low level of regenerative ability into adulthood. This suggests that the link between maturity and regenerative ability is not a developmental phenomenon. Identifying the factors that limit regeneration may come from observations of these regional differences. By further studying these organs, we can better understand the mechanism through which a small subset of support cells is maintaining regenerative competence and develop methods to induce more robust regeneration in the larger quiescent population of support cells and in other non-regenerative neural systems.
Significance statement
Neural regeneration is rare in mammals and occurs at a very low level. Each of the adult inner ear sensory organs maintains some regenerative ability, but the determinants for this regeneration are poorly understood. Here we provide insight into the regenerative process by analyzing the spatial patterns of hair cell development in the cristae of the inner ear. We find that hair cell differentiation is coupled to terminal mitosis in the cristae and that there is a link between the relative maturity of different regions and their regenerative potential in the adult. Understanding why these regions maintain developmental plasticity could help us to induce robust regeneration in the larger quiescent population of support cells and in other non-regenerative neural systems.
